The full decomposition of dolomites with low and high iron content at low temperatures and low pressures is discussed with reference to the free energy of mixing of the ternary system Ca. Fe, Mg/O. The actual products of the primary step are a couple of rock salt structured oxides close to the spinodal compositions and with very small particle sizes. A subsequent diffusional process can produce large crystallites with equilibrium compositions, but it is effective only when either a low-iron dolomite is used as starting material or higher temperatures are employed.
Paper I of this series [1] reported on some powder X-Ray diffraction (XRD) experiments on dolomite [CaMg(C03)2] full decomposition to calcium and magnesium oxides. It has been shown that when the reaction is carried out at low temperatures and at partial C 02 pressures much lower than equilibrium, the actual products are (Ca, Mg)0 solid solutions. These exhibit the usual rock salt structure and compositions on either side of the composition axis although remarkably different from the equilibrium values. Equilibrium (i.e., almost pure oxides) can indeed be obtained at higher temperatures. It was also in inferred that the (Ca, Mg)0 solutions are formed in a direct diffusionless step, and that the strained calcite phase produced in some runs is due to CaO recarbonation.
The thermodynamic basis of the above conclu sions was a simplified model of the CaO-MgO-C 0 2 ternary system [2] , where CaO and MgO were described as pure different phases. In this work an improved model is discussed, which takes into account the experimental evidence of (Ca, Mg)0 solid solutions. We report also information on a natural dolomite sample of different origin with a different impurity content, and we discuss the difference in behaviour on the ground of the previous analysis [1] of the dolomite decomposition mechanisms.
Reprint requests to Prof. Giorgio Spinolo. Dipartimento di Chimica Fisiea delFUniversita' viale Taramelli, 16, 1-27100 Pavia, Italy.
Experimental and Results
Apparatus and procedure were described pre viously [1], The dolomite sample* is a white rock from Natividad (California) and is characterized by a much lower iron content than the Pamplona sample of the previous work [1]. After grinding and sieving, the 5-50 pm fraction was used.
Two decomposition runs (hereafter indicated as D and E, respectively) were carried out. The de composition temperature of run D was (853 ± 1) K; the working pressure about 5 -10"3 Torr (~7-10~'Pa). The reaction was almost complete after 6 h and therefore a XRD pattern was taken only on the final product (pattern D-6: see Figure 1 ). Run E was done at (761.0 ± 0.3) K and at a maxi mum working pressure of 10_3Torr 1.3 • 10-1 Pa). The reaction took some 120 h, thus allowing us to record six XRD patterns during decomposition and on the final products (E-0 to E-l 16).
In spite of the different experimental conditions, the results of both runs are very similar (see Fig. 1 ) and may be discussed together. It is worth mention ing here:
(i) that only lime and periclase were detected among the decomposition products, without any evidence of calcite formation. * The sample was kindly supplied by Alan W. Searcy (University of California-Berkeley and Lawrence Berkeley Laboratory) and belongs to the same batch used for a combined torsion-effusion and torsion-Langmuir study [3] , 0340-4811 / 84 / 1000-0981 $ 01.30/0. -Please order a reprint rather than making vour own copy. . Indeed, according to points (i) and (ii), the new runs show even more clearly than the former ones that lime and periclase are produced in a direct way, and that a Ca-rich (Ca, Mg)0 solid solution is formed, whose small particles do not grow by diffusion over the initially formed nuclei. As in experiments A, B and C, the MgO mole fraction of this Ca-rich oxide can be evaluated in the 5 to 15% range.
On the other side, the above point (iii) looks quite surprising not only because of the disagree ment, but also because it seems to indicate that the oxide products do not behave in a symmetric way. We shall discuss this argument with reference to the ternary system of calcium, iron and magnesium oxides, and, in particular, we start with a calculation of a simplified form of its phase diagram **.
(ii) that the XRD lines of lime are displaced to wards high angles and remain very large during the whole reaction time (see Fig. 2 ). and (iii) that the periclase lines are not significantly displaced from the expected values and their shapes indicate a much better crystallinity than lime. ** Since our interest is mainly on low temperature equilibria between rock salt structured phases, in this calculation points such as the existence of liquid or the complex behaviour of the Fe/O system are neglected: they will be taken into account only in a subsequent moment through the comparison with the experimental phase diagram, in order to correct or to straighten the conclusion of this preliminary discussion.
isothermal cuts at 7= 2000 K (upper part), at T= 1400 K (middle part), and at 800 K (lower part).
In a comprehensive review of non-ideality in ionic systems, Davies and Navrotskyii [4] give the regular solution parameters (i.e., the so-called exchange energies) pertinent to Ca, Fe/O, Ca, Mg/O and Fe, Mg/O solid solutions (PV = 33.231, 60.611 and 15.945 KJ mol-1, respectively).
Therefore, we were able to calculate the solid state equilibria in the Ca, Fe, Mg/O ternary system by discussing the geometrical properties of the Gibbs free energy surface given by G = RTYJ xi \n x ,+ I XjXk Wjk ,
(1) / j < k where xt is the mole fraction of component /' and Wjk is the exchange energy for the couple of com ponents/' and k. Figure 3 shows three isothermal sections of the ternary system: at 2000 and 1400 K (upper and middle parts, respectively) there is a large miscibility gap within the composition triangle and on the Ca, Mg/O side, and complete miscibility on the Fe, Mg/O side, whereas the Ca, Fe/O binary is either close or well below the critical point. On these diagrams, the spinodal curves (thick dashed lines) define a region where a single rock salt structured phase is intrinsically unstable and ex pected to undergo a spinodal decomposition; binodals (thick solid lines) and spinodals are the boundaries of metastability fields. At 800 K (lower part of the figure) the miscibility gap meets also the Fe, Mg/O side, the three monophasic fields can hardly be seen, and a triphasic field appears in the middle of the composition triangle.
This picture of the solid state equilibria is in agreement with the experimental results obtained by Johnson and Muan [5] at 1500 °C, either in air or at low oxygen pressure [F ( 0 2) = 10~9 atm]. Figure 4 shows the (composition, temperature) diagram of the binary Ca, Mg/O, and the thick lines (either solid or dashed) simply show on different coordinates the regular solution results above dis cussed.
For the latter binary, we worked out also a more accurate free energy model to fit the available experimental data [6] (the details of the procedure are reported in the Appendix, whereas the results can be seen in Fig. 4 as thin lines, either solid or dashed). However, regardless of the model em ployed, a general conclusion seems to be well established by both calculations: at the working temperatures of experiments A -E , the binodal compositions are anyway too close to the pure com ponents to give a significant displacement of XRD line positions. Instead, the spinodal curves cal culated with either model show some agreement with the non-stoichiometry of (Ca, Mg)0 solutions, as it can be roughly evaluated from line shifts both on the Ca side (in all experiments) and on the Mg side (only for solutions coming from Pamplona dolomite, runs A, B and C). Although the agree ment is mainly in orders of magnitude, it gives a precise meaning to an argument that was remarked in the previous paper [1], i.e., the analogy between spinodal decompositions and the direct formation of non-equilibrium (Ca, Mg)0 solutions from dolo mite. Therefore the phase diagram calculation provides further support to the conclusion [1] that the primary step of dolomite full decomposition is both a chemical decomposition and a spinodal decom position, i.e. that in the same step both a new structure is built up and the cations are splitted into two different regions as far as it is needed by stability requirements of the new structure.
In this regard, it is also worth reminding a paper by Powell and Searcy [3] , who showed that in dolomite full decomposition there is an irreversible step, and that carbon dioxide desorption is not rate limiting.
The couple of (Ca. Mg)0 solid solutions produced by the primary step can undergo a further step [6] . The complete set of experi mental data by the same authors is given in the insert. 0.9 MgO towards thermodynamic equilibrium with a diffu sion controlled exchange of CaA+ and Mg++ between the different regions rich in either cation. According to the experimental evidence the further step towards a pure CaO phase is almost always frozen, but two different results have been obtained for MgO. depending on the nature of the starting material. The low-iron Natividad sample gives almost pure periclase, whereas in the Pam plona sample the further diffusional step seems to be frozen as it is for lime. Note for instance that the periclase obtained from Natividad dolomite also displays narrow XRD peaks, thus showing that some kind of recrystallization of the primary crystallites has taken place.
Although a difference in the diffusion coefficients of Ca++ and Mg++ can reasonably justify the differ ent results for lime and periclase coming from Natividad dolomite, we have nonetheless to explain the different behaviour of low-iron and high-iron samples. To understand a possible reason, let us come back to the Ca, Fe. Mg/O ternary system.
Looking at the calculated phase diagram, we can see that the trend of binodal and spinodal lines do not show any significant feature different from those of the Ca. Mg/O system. This is true also for FeO mole fractions much larger than the known iron content of Pamplona dolomite, so that nonstoichiometry of wüstite cannot play a significant role in this regard. As a conclusion, the different behaviour of the two dolomite samples investigated cannot be justi-fied on a purely thermodynamic basis by a displace ment of oxide phase equilibria due to a different iron content.
However, an explaination can be tentatively given if we take into account the influence of a foreign phase on the kinetics of the diffusional step, to gether with the further complications due to the different iron oxidation numbers, such as reduction of carbon dioxide to produce higher valence oxides, and magnetite segregation from the non-stoichiometric field of wüstite. In this hypothesis, small amounts of magnetite, hematite or Mg-ferrite segregated at the boundaries of the primary pro duced crystallites can indeed slow down the diffu sion controlled growth of pure MgO, which is otherwise possible at the temperatures of our ex periments.
The experimental results of the present work suggest that our previous thermodynamic model [2] of dolomite system should be modified to include a (Ca, Mg)0 solid solution curve. It is true that from a numerical point of view, little has to be changed, because the temperature dependence of a free energy of mixing is almost negligible with respect to that of the free energy change for alkali earth carbonates decomposition. However, a more satisfactory understanding of the full decomposition process requires a comparison of the free energy of dolomite on one side and, on the other side, the free energy of the heterogeneous mixture of carbon dioxide and of the couple of (Ca, Mg)0 solutions having spinodal composition (instead of the hetero geneous mixture of carbon dioxide, pure lime and pure periclase).
